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INTRODUCTION
The frequency and intensity of coastal flooding are influenced by global climate variability, weather patterns, sea levels, and the shape of the coastal landscape (Hallegatte et al., 2013; Hinkel et al., 2014; Milly et al., 2002; Sommerfield, Drake, and Wheatcroft, 2002) . Flood-related coastal hazards are a concern for low-lying coastal regions, because a large part (greater than 1 billion) of the world's population lives within 100 km of a coastline at densities that are approximately three times the global mean (Dawson et al., 2009; Merkens et al., 2016; Neumann et al., 2015; Wong et al., 2014) . In the United States, over 50% of the population lives in coastal counties and 23 of the 25 most densely populated counties in the nation are coastal (Arkema et al., 2013; Scavia et al., 2002) . The human and financial cost of flood-related damage can be enormous (Hallegatte et al., 2013; Heberger et al., 2009; Kates et al., 2006) . These flooding risks are expected to increase globally with climate change and associated sea-level rise (e.g., Hallegatte et al., 2013; Little et al., 2015) .
Ocean waves and storm surges are important drivers of coastal flooding and morphological change, and as such they can pose hazards to coastal communities and infrastructure (Mawdsley and Haigh, 2016; Serafin and Ruggiero, 2014) . Waves increase the mean water level and lead to discrete water-level maxima at the foreshore, referred to as wave setup and run-up, respectively (Stockdon et al., 2006) . Energetic waves can produce run-up levels that are several meters higher than offshore water levels depending on the wave conditions and the shape and slope of the beach (e.g., Guza and Feddersen, 2012; Stockdon et al., 2006) . Significant changes in wave heights, especially the extremes, have been reported and projected (e.g., Erikson et al., 2015; Young, Zieger, and Babanin, 2011) along the North American West Coast. These changes could have a greater impact than sea-level rise on coastal flooding and erosion in the U.S. Pacific Northwest (e.g., Ruggiero, 2013) . In addition, flooding could be exacerbated by storm surge, which refers to a storm-induced elevated water level along the coast due to the low atmospheric pressure and onshore-directed winds associated with storm conditions (Kang, Ma, and Liu, 2016; Wahl et al., 2015) . Therefore, improved understanding of the relationships among these water-level extremes (storm surges, waves, and extreme river discharge) will assist in the adaptation and possible mitigation of coastal flooding (Heberger et al., 2009) .
The flooding of landscapes adjacent to river mouths is more complex than that along open coastal settings owing to the influence of both oceanic and fluvial processes (Wahl et al., 2015) . Water-level fluctuations in and near river mouths are caused by combinations of ocean water levels, wave setup, river stage and discharge, and the hydraulic conditions of these coastal river mouths (Guza and Feddersen, 2012; Ruggiero et al., 2001; Stockdon et al., 2006) . The near-simultaneous arrival of large waves, storm surge, and high river discharge can magnify flooding adjacent to river mouths along coasts such as in California (Figure 1 ; Cayan et al., 2008; Guillén et al., 2006) . In addition, seasonal elevation of water levels resulting from semiregular climate events (e.g., due to steric effects and coastally trapped waves, including during El Niño along the Pacific Coast) could add up to~30 cm to coastal water level (Enfield and Allen, 1980) . Unfortunately, information on the spatial and temporal relationships among extreme river discharge, storm surge, and wave setup is limited, so the potential effects of these combined processes on coastal flooding is unknown.
The objective of this study is to investigate the temporal and spatial relationships between river and coastal flooding across a range of geographic and climatic zones of coastal California (Figure 2 ). California has an extensive coastline of more than 3200 km that includes rocky shorelines, beaches, embayments, and wetlands. Additionally, over 80% of the state's population lives in coastal counties, which highlights the threat that coastal flooding poses to infrastructure, coastal habitats, and human lives in low-lying regions (Arkema et al., 2013; Crossett et al., 2004; Heberger et al., 2009; National Research Council, 2012; U.S. Census Bureau) .
A primary goal of this work was to assess the temporal coherence of extreme river discharge conditions and elevated coastal water levels (e.g., nontidal residuals [NTRs] and waves) across a range of sites. Previous analyses suggest that storm conditions that deliver fine-grained sediment to the California coast and transport this sediment on the continental shelf are generally coherent in time owing to the large frontal storms originating over the North Pacific Ocean that generate rainfall and waves ( Figure 1a ; Kniskern et al., 2011) . This paper seeks to extend this understanding of storm coherence to the topic of coastal flooding. These analyses are based on a synthesis of available ocean and river monitoring data for the California study area.
METHODS
A series of river mouth sites along the California coast were chosen on the basis of the availability and quality of coincidental coastal and river monitoring data. The focus of the analysis was to assess whether elevated coastal water levels (NTRs and wave setup) occurred coincidentally in time with extreme river discharge, which might increase the risk of flooding in river mouth regions. Coastal flooding can occur during times with low river flow, i.e., ''dry'' times, and with large ocean swell generated from distant storms that do not make landfall on the watersheds of interest, and this contrasts with storms that cause precipitation over the watersheds (Guillén et al., 2006; Kniskern et al., 2011) . The occurrence and influence of wet storms were assessed with comparisons of oceanic conditions both with and without high river flow. A detailed description of the methods follows.
Study Sites
California is the most populous state in the United States, with a population of approximately 38.8 million people in 2014 (U.S. Census Bureau). It has a temperate, Mediterranean climate, with greatest precipitation in the winter season; precipitation varies geographically, with the highest amounts in the north (CA DWR, 2003) . Eastward-propagating storms originating over the North Pacific Ocean (Figure 1a) are responsible for the highest amounts of precipitation, the largest waves, and low atmospheric pressures that, combined, result in elevated water levels along the coast (Kniskern et al., 2011; Storlazzi, Willis, and Griggs, 2000) . These coastal flooding conditions can be exacerbated by El Niño conditions, when winter storms and wave conditions are more extreme and sea levels across the region are seasonally elevated because of steric effects and the northward propagation of coastally trapped waves (Allan and Komar, 2002; Barnard et al., 2015) . Additionally, the highest tides of the year typically occur during the winter, and if they coincide with these storms -as they did in Southern California during the winter of 1983, some of the strongest events ever recorded - flooding can be exacerbated (Flick, 2016; Flick and Cayan, 1984; Moore, Benumof, and Griggs, 1999) .
This study focuses on six river settings that have adequate wave, tidal, and river monitoring data to evaluate extreme river discharge and coastal water-level coherence patterns over several years, and thus, dozens of storms. These rivers are the Eel, Russian, San Lorenzo, Ventura, Arroyo Trabuco, and San Diego (Figure 2 ; Table 1 ). These rivers originate in the coastal ranges and discharge directly to the ocean, which contrasts with the larger Sacramento and San Joaquin river systems of California's Central Valley that are dominated by snowmelt hydrology from the Sierra Nevada and discharge into the largest inland estuary of the state, the San Francisco Bay estuary (Farnsworth and Warrick, 2007; Willis and Griggs, 2003) . The sizes of the drainage basins and distances between the headwaters of these rivers and the Pacific Ocean are summarized in Table 1 .
Data Sources
Three primary data sources were used for this study: river data from U.S. Geological Survey (USGS) gauging stations, ocean wave data from National Oceanic and Atmospheric Administration (NOAA) buoy stations, and predicted and measured coastal water levels from NOAA tidal stations. To evaluate coherence among these data, intervals in time were needed for which all measurements overlapped. A summary of the available data for the sites reveals that coincidental intervals of time included 2007 to 2014 (Table 1) .
For each river site, channel and flow data for the most seaward gauging station in the watershed were obtained from USGS National Water Information System (NWIS) database (USGS). River water stage (water level above a reference elevation) data at 15-minute intervals were obtained for the six rivers (Table 1, Figure 2 ). These data were generally limited to 2007 to 2014. Additionally, river discharge and channel geometry data were obtained for each station to evaluate flood routing timing from the USGS station to the coast.
Wave data (i.e. significant wave height, peak period, and peak direction) were obtained from the NOAA Buoy database (NOAA [a]) for the stations closest to the six river mouths (Table 1, Figure 2 ). Sampling intervals for the wave data generally ranged from 15 minutes to an hour, with some missing data. Wave data were generally available from 1980s to present (Table 1) .
Hourly predicted and observed water levels were obtained from the NOAA Tide and Currents database (NOAA [b] ) for stations nearest to the river mouths (Table 1, Figure 2 ). These stations are in harbors and embayments and have data starting from the 1920s to present (Table 1) .
River Stage
Because the USGS river gauging stations were located several kilometers upstream of the coast, the timing of the high flows had to be offset to account for delays in river flood travel times between the gauges and the ocean. Flood routing principles were used to estimate travel times of river discharge peaks from the gauging stations to the coast. Using the advection-diffusion analogy for flood wave propagation, the kinematic wave speeds were estimated from the slopes between channel area and river discharge for each gauging station (Bras, 1990) . Field measurements of river discharge and channel properties were obtained from the USGS NWIS database, and linear relationships between channel area and discharge were computed with linear regression (e.g., Figure  S4 ). The data sets ranged between 365 and 1006 measurements and their coefficients of determination (r 2 ) ranged between 0.87 and 0.96, with a mean of 0.91. Resulting estimates of the kinematic wave speed ranged between 1.1 and 2.8 m s
À1
, and these speeds resulted in flood wave travel times that varied between 0.5 and 4.6 hours from the stations to the coast (Table  2 ). These analyses assume that the channels at the gauges 1924-47; 1948; 1949-54; 1955-71; 1972-2015) * (2008) were representative of the remaining channels between the gauges and the coast, and thus are assumed to be first-order estimates of the travel times. Estimated travel times were used to delay the river stage measurements for all computations and analyses.
Waves and Wave Setup
Wave setup was used to estimate the effects of ocean waves on river mouth flooding. Although wave run-up over beach berms adjacent to the river mouth may contribute ocean water to the river mouth and thus exacerbate flooding, wave setup would more likely control the hydraulic pressure gradients at the river mouth inlet and thus provide a more dominant effect on river mouth flooding.
The wave data were used to estimate wave setup adjacent to river mouths by using: (1) linear wave theory to transfer storm waves from the buoys to the shoreline and (2) standard empirical procedures to estimate wave setup. The lags between the wave measurement times at the buoys and times for the waves to reach the shoreline were estimated using linear wave theory as shown in Equations (1) and (2) below (Bowden, 1983; Knauss, 1978) :
where, C g is the group velocity (m s
À1
) of wave, g is acceleration due to gravity (9.8 m s À2 ), T is the dominant wave period (s), t is the estimated time (s) for the wave to travel from the buoy to the river mouth, d is the distance (m) between the buoy and river mouth, and h is the difference between direction of river mouth from the buoy and angular deviation of wave travel from perpendicular to the shoreline.
The wave lags (t) were computed for available buoy data with significant wave height, dominant wave period, and dominant wave direction data and these values averaged between À2 and 0.9 minutes for the six sites, with a pooled mean of~0 minutes. Unfortunately, more than 50% of the wave data for two sites were missing direction records, which limited the potential for estimating these values. Consequently, no adjustments were made to the times for the waves to reach the river mouths from the buoys, i.e. mean zero lags were adopted for all river systems.
Wave setup (,g.) was computed using the methods described by Stockdon et al. (2006) :
where, L 0 is the deepwater wavelength (m), g is acceleration due to gravity (9.8 m s
À2
), T is the dominant wave period (s), and b f is beach slope. A range of beach slopes (b f ) from 0.01 to 0.1 was used for each site to incorporate the potential variability in beach morphology near the river mouth sites. However, the primary effect of b f was on the relative magnitude of wave setup; b f had negligible effect on the temporal patterns of coastal flooding. Thus, for the results presented here, all results are shown for b f values of 0.1.
Tides and NTRs
NTR, which is a measure of the water-level difference from the predicted tide, was computed to assess storm surge and seasonal water-level anomaly contributions during extreme river discharge conditions. Since the tidal gauge stations are located at harbors or embayments, no lag correction was necessary. NTR (m) was computed by subtracting the predicted tide from the observed water level for each record: NTR ðmÞ ¼ observed water level ðmÞÀpredicted tide ðmÞ ð5Þ
Coherence Analyses
Two primary analyses were used to evaluate flooding coherence across rivers and coastal waters during the study periods. First, an overarching assessment was made to evaluate whether the distributions of wave setup and NTR during extreme river discharge were different from those at other intervals of time. For this assessment, the ''flooding stage'' was defined for each river as gauge heights greater than the 99th percentile of all stage records. Then, wave setup and NTR records for intervals of time that the rivers exceeded the extreme river discharge stages were selected and compared with wave setup and NTR records for the entire study period. For these comparisons, distributions were compared and student's t test of the means were made.
Second, an evaluation of the temporal coherence during storms was conducted with the master time series. For this evaluation, extreme river stages were defined by river stages that exceeded the 99th percentile of all stage records for the study period as previously defined. The peaks of continuous extreme stage (.99th percentile stage) events were identified, and an interval of 64 days about each peak time was used to extract data to define conditions before and after an event (cf. Kniskern et al., 2011;  Figure 3 ). The events (including the peaks and 64 days) were selected such that there were no overlaps between adjacent events. Then the stage, NTR, and wave setup data for each event were converted to hours relative to the peak stage time (0 h) for each extreme event. Where minor gaps ( 5 h) in the wave and tide data existed, values were estimated using the piecewise cubic hermite interpolating polynomial (PCHIP), a shape-preserving interpolation algo- rithm, in MATLAB (The MathWorks, 2016). The time series of river stage, NTR, and wave setup were resampled at 30-minute intervals using the PCHIP for synchrony because the original data were collected at different intervals. The resampled data were consistent with the original data (see Supplementary Materials, Figures S1 to S3). For each study site, the events were combined using the time of peak stage as reference (set to 0 h), and percentiles were computed for the stage, wave setup, and NTR records.
RESULTS
An example time-series plot showing stage, predicted and observed water levels, NTR, wave height and period, and wave setup data from the Eel River stations over a period of 2 months is presented in Figure 3 . Three intervals of elevated river stage are observed in this time series (early December, midDecember, and early January), and these river events generally coincided with elevated ocean water levels from wave setup and NTR. The final river event presented in Figure  3 surpassed the 99th percentile of recorded river stages, and was defined, therefore, as a single flooding event for the purpose of this paper. This event coincided with tens of centimeters of NTR, offshore wave heights in excess of 9 m, and computed wave setup in excess of 2 m (Figure 3) .
A comparison between the distributions of wave setup and NTR for the entire record and for intervals of time of extreme river discharge is presented in Figure 4 for three of the six study sites -Eel, San Lorenzo, and Arroyo Trabuco rivers. Identical histograms for the three remaining study sites are presented in the Supplementary Materials as Figure S5 . NTR and wave setup are generally higher during extreme river discharge conditions for all river systems. One exception is wave setup conditions for the Arroyo Trabuco system, which had slightly lower mean values during extreme river discharge (Figure 4 ; upper panel Figure 5 ). Student's t tests for comparisons of the NTR and wave setup means were highly significant (p , 0.001) for all sites except wave setup for the Arroyo Trabuco (Table 3) .
The extreme values of NTR and wave setup during extreme river discharge were notably larger for all study sites as shown by the distributions of the observations (Figure 5 ). Using the 99th percentile of the observations as a metric for these extreme values, all study sites are shown to have greater extreme NTR and wave setup during extreme river discharge than during typical conditions (lower panel, Figure 5 ). Extreme NTR was 11-36 cm greater during extreme river discharge than typically observed. Similarly, extreme wave setup was 18-93 cm higher during extreme river discharge ( Figure 5 ). These observations were similar to the mean values, which revealed that NTR and wave setup values were greatest in the northern region of California, and that the differences between storm surge during extreme river discharge and typical conditions were generally greatest in the northern study sites ( Figure 5 ). The coherence of storm surges and waves during extreme river discharge events can be further assessed by the aggregated time series of river stage, NTR, and wave setup during extreme river discharge events (Figures 6-8) . Similar aggregated plots for the Russian, Ventura, and San Diego rivers are presented in the Supplementary Materials as Figures S6-S8 . In general, the time-series data reveal that substantial variability exists in the NTR and wave setup data, and that both NTR and wave setup exhibit coherent patterns with extreme river discharge, although not always synchronous. For example, median NTR for the Eel River system appears to peak at 20-30 hours before median peak river discharge, whereas the median peak of wave setup is in phase with river discharge (Figure 6 ). In contrast, NTR for the San Lorenzo and Arroyo Trabuco systems -although less pronounced than the Eel River system -are in phase with river discharge (Figures 7 and 8) . Wave setup for the San Lorenzo and Arroyo Trabuco systems reveal highly variable phasing with peak river discharge (Figures 7 and 8 ).
DISCUSSION
The flooding response of a coastal region to the combined effects of NTR, wave setup, and extreme river discharge will be a complex interaction of the hydrologic water balance, hydrodynamic forcings, the physical geometry of the flooding and surrounding areas, and potential morphodynamic change (erosion and deposition) that may be caused by the flows of water. For example, coastal flooding in river mouths can be influenced by inputs of water from wave setup overtopping the beach berm (Schwarz and Orme, 2005) , and this additional input of water can cause breaching and erosion of the beach berm, which could further influence the hydrodynamics of the river mouth region. These kinds of dynamics are prevalent for the coastal river mouths of California, including the study sites, owing to the propensity of these systems to partially or fully close along the littoral interface (Jacobs, Stein, and Longcore, 2010) . The oceanic conditions that cause coastal flooding -NTR and wave setup -were on average elevated during extreme river discharge along the coastal watersheds of California ( Figure 5) . Additionally, the results show that the NTR and wave setup levels varied latitudinally -both during extreme river discharge conditions and for the entire study period ( Figure  5 ). The variations are, at least partly, due to wave exposure to Pacific swell, which are greatest in the north and least in the south (cf. Adams, Imnan, and Graham, 2008) and the location of the North Pacific low during the winter storm season (cf. Bromirski, Flick, and Cayan, 2003) . The disparities in NTRs and wave setups across the different latitudes can be considered coastal ''microclimatic'' conditions that characterize the river basins and their propensity to flood. It is notable that the northernmost river basins (Eel and Russian rivers) have the largest wave setup and NTR effects and also have the largest amounts of precipitation (CA DWR, 2003) .
It is important to assess both the causes and implications of these coherence conditions. Floods in California are most commonly caused by intense precipitation related to lowpressure atmospheric systems that develop over the northern Pacific Ocean and incorporate moist subtropical air masses in ''atmospheric rivers'' (Ralph et al., 2006) . These low-pressure systems are also responsible for elevated wind speeds over broad swaths of the northern Pacific Ocean, which result in large waves (e.g., Ruggiero, 2013) . In this manner, it should be expected that flooding conditions in the coastal river systems would occur coincidentally with the coastal flooding conditions produced by storm waves and elevated water levels (cf. Kniskern et al., 2011) . Additionally, these findings are consistent with the longer-term assessments of NTR, which suggest that elevated water levels are related to intense storms from southerly displaced ''Aleutian low'' atmospheric pressure systems that cause more frequent and more intense storms for the California coast (Bromirski, Flick, and Cayan, 2003) .
It is also important to assess what contributes to the elevated NTR water levels measured at the tidal gauges during extreme river discharge. These water levels will be influenced by several factors, including displacement from freshwater input (Warrick et al., 2004) , elevated water levels from warm water masses during El Niño conditions (Flick, 1998; Storlazzi, Willis, and Griggs, 2000) , and the ''inverse barometric pressure'' effect on water levels (Bromirski, Flick, and Cayan, 2003) . The upward displacement of the ocean water surface from buoyant freshwater input is likely minimal; for example, the maximum displacement of 1.1 cm was computed by Warrick et al. (2004) immediately offshore of a Southern California river during flood stage. El Niño, in contrast, can result in tens of centimeters of elevated sea level during the winter season, and El Niño winters generally have the greatest rainfall and highest wave heights (Flick, 1998; Storlazzi, Willis, and Griggs, 2000) . Last, the sea-level pressure along California can drop by over 20 mbar during winter storms, and although the expected water-level response related to this pressure decrease is~1 cm mbar À1 , Bromirski, Flick, and Cayan (2003) note that water levels can rise up to 1.65 cm mbar À1 along the California coast. The implications of these elevated water levels are that flooding hazards around the region's river mouths are not simply related to the independent effects of coastal and river water levels. Rather, flooding in the river mouths of California is related to dependent relationships and temporal coherence between river and coastal conditions. Combined, these coherent conditions will regularly add tens of centimeters to coastal water levels (Figures 3-5 ) and occasionally add a meter or more.
The flooding risks associated with these coherent conditions will largely be dependent on tidal stage during the events, which can vary by several meters (e.g., Figure 3) . In fact, the most notable coastal flooding in California has been documented when peak extreme river discharge and wave heights occurred coherently with high spring tides (Flick, 1998; Griggs and Paris, 1982; Storlazzi, Willis, and Griggs, 2000) .
Although flooding has been documented in and around several California river mouths, the effects of the combination of river and coastal flooding has not been investigated. For example, catastrophic floods from big storms and subsequent overflow of the Eel River have been documented, including in 1955 and 1964 when floods resulted in severe damages to buildings and vegetation in the river's basin and flooding throughout the lower watershed (Brown and Ritter, 1971; Sloan, Miller, and Lancaster, 2001) . Similarly, the Russian and San Lorenzo rivers are noted to be flood prone, and several incidents of storm-related floods have been documented in their basins (e.g., Griggs and Paris, 1982; Ralph et al., 2006) . What is not known -and deserves more attention -is how much of the historic flooding in the lower watersheds was influenced by elevated water levels along the coast, which may have flooded the river mouth regions before, during, or after the river discharge events or inhibited the outflow of riverine water to the sea. That is, how much of historic flooding in the lower watersheds was related to the combined and coherent nature of coastal and riverine conditions?
These questions are especially important in evaluating the future impacts of elevated coastal water-level events and episodic river discharge because of future sea-level rise (Cayan et al., 2008; Rahmstorf, 2007) . The superimposition of present day storm-driven coastal water-level anomalies and episodic river discharge with projected sea levels could increase the threat to many coastal regions, and possibly render some coastal areas uninhabitable (Bjerklie et al., 2012; Cayan et al., 2008; Rahmstorf, 2007; Rotzoll and Fletcher, 2013) . The availability of more data sets and hydrodynamic models could help us to understand the interactions among these water masses better. Additionally, it is noteworthy that the actual risks -to humans and infrastructure -from flooding near river mouths will depend on the level of development and population near these landforms. For example, the Eel and Russian rivers drain the wettest and largest basins among the study sites, but their mouths are in relatively rural/unpopulated areas, which contrasts with the mouths of the San Lorenzo and San Diego rivers, which are in urban areas (Table 1; OSHPD; Griggs and Paris, 1982) .
CONCLUSIONS
Previous studies have attributed damages, loss of lives, displacement of people, and coastal ecosystem impacts to floods caused by river overflow (e.g., Griggs and Paris, 1982) . Similarly, damages attributable to coastal storms, including hurricanes, can run into billions of dollars (Kates et al., 2006) . Here the potential for flooding conditions in rivers and coastal waters to coincide in time was investigated for the small watersheds of California. If the arrival times for these flooding conditions overlap, then the flooding hazard for these river mouths will be related to the combination -and interrelationof these physical processes.
The results of this study demonstrate the relative concurrent occurrence of coastal water-level anomalies (e.g., NTR and wave setup) and extreme river discharge along the California coast. The results also show that NTR and wave setup during extreme river discharge events are related to latitude, with the greatest values occurring in the northernmost river systems. These results have important implications, especially with the consideration of predicted changes in sea level and rainfall patterns in response to global climate change (Cayan et al., 2008; IPCC, 2013; Rahmstorf, 2007) . Consequently, improved understanding of the relationship between coastal water levels and river discharge will be important in protecting humans, ecosystems, and infrastructure in coastal regions. Future coastal hazards assessments for California and other regions with similar coherence between river and ocean systems would benefit from incorporating the combination of coastal water levels, episodic riverine discharge, and different scenarios of sea-level rise to adequately map flooding hazards.
